The pathophysiology of proteinuria in acquired kidney diseases is mostly unknown. Recent findings in genetic renal diseases suggest that glomerular epithelial cells (podocytes) and the slit diaphragm connecting the podocyte foot processes play an important role in the development of proteinuria. In this work we systematically evaluated the podocyte slit pores by transmission electron microscopy in two important nephrotic diseases, minimal change nephrotic syndrome (MCNS) and membranous nephropathy (MN). As controls, we used kidneys with tubulointerstitial nephritis (TIN). Effacement of podocyte foot processes was evident in proteinuric kidneys. However, quite normal looking foot processes and slit pores with varying width were also observed. Careful analysis of slit pores revealed, that the proportion of the pores spanned by the linear image of slit diaphragm, was reduced by 39% in kidneys from MCNS patients (1265 pores analyzed) compared with TIN samples (902 pores analyzed, p ϭ 0.0003). To enhance the detection rate of the slit diaphragms, the "empty" podocyte pores were further analyzed with tilting series from Ϫ45 to ϩ45. This revealed the linear diaphragm image in 71% and 26% of the slits in TIN and MCNS kidneys, respectively (p ϭ 0.0003). In contrast to findings in MCNS, no significant reduction of the slit diaphragms were seen in MN kidneys compared with the controls. The results suggest that MCNS is associated with disruption of glomerular slit diaphragms. The primary urine in the kidney forms by ultrafiltration of plasma components through the glomerular capillary wall into the urinary space (1). This glomerular filtration barrier is composed of a fenestrated endothelium, glomerular basement membrane (GBM) and epithelial cell (podocyte) layer. The podocyte layer consist intercalated foot processes, which are connected by 35-45 nm wide extracellular structure, termed the slit diaphragm. Normally, water and small plasma solutes filtrate easily through this sieve but the passage of proteins with the size of albumin and larger is almost completely restricted. The GBM has been thought to be the most important component in this size and charge selective sieving, and defects in the GBM have been regarded responsible for proteinuria in many glomerular diseases (2). Recent findings, however, have challenged the central role of the GBM in nephrotic diseases (3, 4) .
The primary urine in the kidney forms by ultrafiltration of plasma components through the glomerular capillary wall into the urinary space (1) . This glomerular filtration barrier is composed of a fenestrated endothelium, glomerular basement membrane (GBM) and epithelial cell (podocyte) layer. The podocyte layer consist intercalated foot processes, which are connected by 35-45 nm wide extracellular structure, termed the slit diaphragm. Normally, water and small plasma solutes filtrate easily through this sieve but the passage of proteins with the size of albumin and larger is almost completely restricted. The GBM has been thought to be the most important component in this size and charge selective sieving, and defects in the GBM have been regarded responsible for proteinuria in many glomerular diseases (2) . Recent findings, however, have challenged the central role of the GBM in nephrotic diseases (3, 4) .
Proteinuria is constantly associated with an effacement of podocyte foot processes, which has generally been regarded as a secondary phenomenon (5) . Recent discoveries in the genetic diseases, however, suggest that podocytes may play a primary role in the development of proteinuria (6, 7) . Mutations in NPHS1 gene coding for a podocyte specific protein, nephrin, are responsible for the congenital nephrotic syndrome of the Finnish type (NPHS1) (8, 9) . Similarly, mutations in NPHS2 gene coding for another podocyte protein, podocin, are associated with a hereditary form of focal segmental glomerulosclerosis (FSGS) (10) . Nephrin and podocin both localize at the slit diaphragm area (11) (12) (13) suggesting that the slit diaphragm has a crucial role in restricting the passage of plasma proteins into urine.
Recently we found that severe mutations (Fin-major and Fin-minor) in the NPHS1 lead to a total absence of nephrin in kidney glomerus of the Finnish NPHS1 patients (14) . More interestingly, the slit diaphragms were completely missing in and electron microscopy as well as routine immunofluorescence staining for immunoglobulins and complement components.
Renal tissue samples came from eleven patients with MCNS, from five patients with MN, and from eight control patients with tubulointerstitial nephritis (TIN) ( Table 1) . Age at the time of biopsy ranged between 1 and 55 y (median 13). While patients with MCNS were typically small children or young adults, patients with TIN and MN were generally older. The level of proteinuria at the time of biopsy was divided into moderate (0.3-2.0 g/L), marked (2.0 -4.0 g/L), and heavy (Ͼ4.0 g/L). Protein concentration (g/L) in the urine specimens taken at the time of renal biopsy was used for this grading, since data on the total daily protein excretion was not available in most patients. Marked to heavy proteinuria was found in eight patients with MCNS, while three patients were in remission shortly after steroid-treatment (Table 1 ). All five patients with MN were proteinuric at the time of biopsy. Three patients with TIN had slight (tubular) proteinuria. This study was 
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approved by the ethical committee of the Hospital for Children and Adolescents, University of Helsinki, Finland. This committee gave the permission to use the historical biopsy material and clinical data for this study. Electron microscopy. The preparation of the renal biopsies for electron microscopy was performed according to normal procedures. The tissue blocks were cut into 1-mm 3 pieces, immersed into 2.5% glutaraldehyde fixative (phosphate buffered, pH 7.2) for 1-3 h, followed by Epon embedding. After thin sectioning, the samples were poststained with uranyl acetate and lead citrate. The samples were evaluated with a Jeol 1200 EX electron microscope (Tokyo, Japan) at 60kV.
One glomerulus was analyzed from each sample. The proportion of the podocyte slits, where the linear image of the slit diaphragm was detectable, was counted. The counting was started from a randomly determined part of the glomerular capillary wall. The pores, where the sectioning angle made the evaluation of the slit diaphragm impossible, were ignored, and a minimum of 100 slits was analyzed in each sample. To test the reliability of the slit diaphragm analysis, the investigation was performed twice. The variances between the two analyses were 7, 11, and 16% in samples from patients with TIN, MCNS, and MN, respectively.
Because the visibility of the linear image of slit diaphragm was dependent on the angle of the cross-section, the samples were further analyzed by tilting the thin section under the electron microscope. A tilt series from Ϫ45°to ϩ45°along the x axis of the section was performed on the pores, where the linear image of the slit diaphragm was first undetectable. A minimum of 20 slit pores with missing linear slit diaphragms were analyzed with this tilting series. This tilting analysis was performed independently from the first evaluation. The electron microscopic findings were analyzed with Mann-Whitney U test.
RESULTS

TIN.
The ultrastructure of the glomerular capillary wall was normal in renal samples with TIN (used as controls) (Fig. 1A) . Regular sized podocyte foot processes were present, and the podocyte filtration pores appeared normal ( Fig. 2A) . The width of the filtration slits varied approximately from 35 to 45 nm. Since the angle of slit cross-section varied, the linear image of the slit diaphragm was not detectable in every pore. In fact, it was observed in only 54% (487/902, median 54%) of the filtration slits studied in eight samples with TIN (Table 1) . After the first counting, a separate tilting analysis was performed on podocyte pores where the slit diaphragm was missing. Of the 176 pores analyzed, the tilting revealed a linear slit diaphragm in 125 (median 69%) of the podocyte pores (Fig.  3A,B) .
MCNS. In kidneys with MNCS, the most prominent finding in the glomerular capillary wall was the effacement of the podocyte foot processes (Fig. 1B) . The foot processes had an 
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SLIT DIAPHRAGM IN MCNS irregular size but they showed no detachment from the GBM. Variation in the width of the remaining podocyte pores was present. Exceptionally wide slits, up to 70 nm, were occasionally observed (Fig. 2B) . On the other hand, the cell membranes of the foot processes were often in close contact (Fig. 2C) . The percentage of the slit pores, where the slit diaphragm was detected, varied from 24% to 41% (median 34%, 1265 slits evaluated) in the eleven MCNS samples (Fig. 4A) . The proportion of pores with the slit diaphragm was reduced by 39% in MCNS kidneys compared with the TIN kidneys (p ϭ 0.0003, Mann-Whitney U test). Instead, some fuzzy material was occasionally detectable in these slits missing the linear image of the slit diaphragm (Fig. 3C) . The tilting analysis of the "empty" slit pores revealed the slit diaphragms in 26% (59/228, median 25%) of the slits analyzed (Fig. 3C, D & 4B) . This was also significantly less than in TIN kidneys (p ϭ 0.0003, Mann-Whitney U test). In addition, junctions with ladder-like structures were observed in 4/11 MCNS glomeruli (data not shown). These structures were detected in the intercellular space of podocytes close to the GBM, as has been described in immature glomeruli (14) .
MN. In the five samples of MN, the similar effacement of podocyte foot processes was seen as in MCNS (Fig. 1C) . Moreover, electron-dense deposits were present on the subepithelial surface of the GBM. Also, filaments within the podocyte cytoplasm near these immune deposits showed condensation ( Fig. 1 C and 2D ). The number of MN podocyte pores with detectable linear images of slit diaphragms varied between 38 and 56% (median 38%, 585 slits evaluated) in the standard (untilted) electron microscopic analysis (Table 1, Fig. 4A ). This was less than in TIN kidneys but the difference was not statistically significant (p ϭ 0.09, Mann-Whitney U test). After tilting the linear image of the slit diaphragm became visible in 68% (71/105, median 65%) of the podocyte pores where it originally was undetectable which was comparable to that in TIN kidneys (71%). In addition, junctions with ladder-like structures were found in 3/5 of the MN glomeruli (Fig. 2D) .
DISCUSSION
Understanding of the glomerular filtration process and the pathogenesis of proteinuria is essential for nephrology. In the present study, we performed a systematic evaluation of the ultrastructure of the glomerular filtration slit in two common nephrotic disorders, MCNS and MN. The major finding was that MCNS kidneys showed not only effacement of podocyte foot processes but also a significant reduction of the linear image of slit diaphragm in the remaining podocyte pores. This suggests that slit diaphragms might be a target of the pathogenetic process in this common pediatric kidney disease.
Mechanisms leading to proteinuria in MCNS as well as in other nephrotic diseases are not well known. Defects in the GBM and especially reduction of its anionic charge have been suggested to explain the leakage of negatively charged plasma proteins into urine in some disorders (2) . On the other hand, detachment of the podocyte foot processes from the GBM has correlated with the onset of proteinuria in animal models (15) . Areas of denuded GBM could then serve as the sites for the protein leakage (5). Despite of extensive studies, neither of these mechanisms, however, has been proven to play a key role in primary nephrotic diseases in man. In electron microscopy, proteinuric kidneys show effacement of podocyte foot processes with disappearance of many of the podocyte pores (5). This process has generally been regarded as a secondary phenomenon -the consequence rather than the cause of protein leakage -and little attention has been paid to the remaining podocyte pores and slit diaphragms. To our knowledge, no systematic evaluation of the slit diaphragms in acquired kidney diseases has been performed. The recent findings in genetic disorders and some animal models, however, indicate that the podocyte pores may be critical in the pathogenesis of proteinuria (4, 7).
The technical problem in the electron microscopic analysis of the slit diaphragms is that the linear image of the diaphragm is seen only when the angle of the thin section is favorable. Even in kidneys with no glomerular lesions (TIN), the linear slit diaphragm was observed in only half of the filtration pores. Changing the viewing angle (tilting around the x axis) however, caused the slit diaphragm to become visible in over 70% of the normal podocyte pores, where it was originally undetectable, so that the overall proportion of slits with the detectable linear image of the slit diaphragm raised to 87%. In MCNS glomeruli, the lack of detectable linear slit diaphragms in pores was evident both in direct viewing and after tilting, so that the total proportion of the slits with detectable image of the 
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slit diaphragm was 50%. Hence, we feel that the finding really reflects an alteration of the slit diaphragms in this disorder. The fact, that these glomeruli also contained junctions with ladderlike structures, supports this finding. Junctions with ladders are believed to represent a primitive form of the slit diaphragm and they are found both during normal glomerulogenesis and in proteinuric disorders such as puromycin nephrosis in rats (16 -18) .
What is the significance of this finding? The fact that slit pores in MN patients with significant proteinuria looked normal favors the idea that the disappearance of slit diaphragm image in MCNS kidneys is not secondary to proteinuria itself. Importantly, the electron microscopic findings in MCNS were similar to those in kidneys with congenital nephrotic syndrome (NPHS1), which is characterized by massive proteinuria from the birth. In NPHS1 children with severe mutations (Fin-major and Fin-minor), the major slit diaphragm component, nephrin, is missing, and all podocyte pores are "empty" (14) . These slits might serve as the site for protein leakage in both conditions, which is not surprising since the filtration of water and small plasma solutes normally occur through these pores. Proteins might use the same route, if the slit diaphragms are disrupted. It is also remarkable that in MCNS and NPHS1 the podocyte foot processes seem to be firmly attached to the GBM without areas of detachment (14) .
Although it is tempting to speculate that slit diaphragm would serve as a "gate" to plasma proteins, the association of the electron microscopic findings and protein leakage seems not to be so strict. Proteinuria may occur with apparently normal looking slit diaphragm, as is the case in some NPHS1 patients with minor mutations (14) . Also, when anti-nephrin antibodies are injected into rats, proteinuria appears in a few hours but the electron microscopic findings remain quite normal (19, 20) . Moreover, three of the eight MCNS patients in our study had reached remission 4 -7 d before the renal biopsies and still showed slit pores without the linear image of slit diaphragm. The slit diaphragm is a network of proteins and the electron microscopic line obviously reflects this thin network seen in side view and even then only very roughly. For example, contrast staining of the slit diaphragm can vary markedly. Also, whether an "empty" slit pore indicates general disruption or loosening or a specific molecular change in this network, is not known. At the moment, the electron microscopic findings cannot be correlated to the functional state of the glomeruli. However, we feel that the similarity of the findings in MCNS and NPHS1 strongly suggests that the decisive pathogenetic changes in MCNS occur in the slit diaphragm area -not in the glomerular basement membrane.
Nephrin is believed to be a major component of the slit diaphragm and its expression in MCNS has recently been reported. Both normal and altered expression has been reported using immunohistochemistry and in situ hybridization (21, 22) . The light microscopic findings, however, are not sensitive enough to detect ultrastructural changes. Immunoelectron mi- 
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croscopic studies give a better resolution, but in our experience the staining intensity even with strong anti-nephrin antibodies is so low that the interpretation is difficult (Patrakka et al. manuscript in preparation). Besides nephrin, proteins, such as FAT, P-cadherin and podocin, have been localized to the podocyte pore (12, 23, 24) and more data on their expression and organization are needed.
Since the pathophysiology of MCNS is unknown, discussion on the possible mechanism leading to decrease in the number of the slit diaphragms is highly speculative. MCNS is sensitive to steroids and other immunosuppressive medication suggesting that the primary event is immunologic (25) . It seems possible that soluble immunologic mediators could affect the slit diaphragms directly or indirectly through podocytes. The slit diaphragm components, intracellular linker proteins (ZO-1, CD2AP, alpha-actinin-4) and the actin cytoskeleton in the podocyte foot processes are believed to be in a continuous interplay, and toxic mediators interfering with this interplay might lead to disruption of the slit diaphragm and proteinuria (11, 13, 23, 24, 26 -28) . This is supported by the fact that genetic defects in many of these components (nephrin, CD2AP, podocin, alpha-actin-4) cause fulminant proteinuria (8, 10, (27) (28) (29) .
CONCLUSION
In conclusion, the present results suggest that proteinuria in MCNS is caused by defective glomerular slit diaphragmrather than disorders in the GBM structure or its interaction with the podocyte foot processes. Further studies on the molecular architecture of the slit diaphragm and possible mediators interfering with this important filtration barrier are needed. 
